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PREFACE 
One of the principal projects of the Task on Environmental 
Quality Control and Management in IIASA's Resources and Environ- 
ment Area is a case study of eutrophication management for Lake 
Balaton, Hungary. The case study is a collaborative project in- 
volving a number of scientists from several Hungarian institutions 
and IIASA (for details see WP-80-187). 
This paper primarily considers the methodological framework 
of the Lake Balaton Case Study, using it as an example of how 
a system characterized by complexity and uncertainty can be 
modelled. The suggested approach is supported by several examples 
and provides an account of both developments since the publication 
of WP-80-187, and also necessary research for the project's com- 
pletion. 
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INTRODUCTION 
The e u t r o p h i c a t i o n  of  l a k e s ,  a t y p i c a l ,  unfavorab le  manifestation 
of  t h e  p a s t  few decades ,  i s  a consequence of t h e  i n c r e a s e  i n  t h e  
amount of  n u t r i e n t s  (such a s  phosphorus and n i t r o g e n  compounds) 
reach ing  water  bodies .  This i n c r e a s e  i s  c l o s e l y  r e l a t e d  t o  t h e  
g e n e r a l l y  r a p i d  development of  i n d u s t r y ,  a g r i c u l t u r e ,  and tour i sm 
w i t h i n  t h e  watershed o r  i n  s h o r t , t o  a change i n  t h e  i n f r a s t r u c t u r e  
of  t h e  reg ion .  Eu t roph ica t ion ,  an in - lake  phenomenon, t h e  o r i g i n  
of which l i e s  o u t s i d e  t h e  l a k e ,  causes  unpleasan t  consequences 
(e .g . ,  a r i s e  i n  a l g a l  biomass, water  d i s c o l o r a t i o n ,  t a s t e  and 
odor problems, b a c t e r i a l  contaminat ion,  e t c . )  which can g r e a t l y  
l i m i t  t h e  use  o f  t h e  l a k e ' s  wate r  f o r  r e c r e a t i o n ,  wate r  supply,  
e t c . ,  and l e a d  t o  a d r a s t i c  change i n  t h e  ecosystem. 
Thephenomenon o f  e u t r o p h i c a t i o n  and mathematical  modeling 
of it have been q u i t e  we l l  explored f o r  deep l a k e s ,  b u t  on ly  t o  
a l e s s e r  e x t e n t  f o r  shal low l a k e s .  H e r e ,  due t o  t h e  low depth  
and t h e  g e n e r a l l y  s t r o n g  wind a c t i o n ,  s t r a t i f i c a t i o n  r a r e l y  oc- 
cu r s .  The dynamics a r e  more complex and a r e  f a s t e r ;  consequent ly ,  
sha l low l a k e s  a r e  much more a f f e c t e d  by changes i n  environmental  
f a c t o r s  and show less c o n s i s t e n t  p a t t e r n s  from yea r  t o  year .  
The r e c o g n i t i o n  o f  t h i s  gap i n  knowledge l e d  IIASA's Resources 
and Environment Area t o  i n i t i a t e  r e s e a r c h  on t h e  e u t r o p h i c a t i o n  
of  shal low l akes .  Lake Balaton i n  Hungary, t h e  l a r g e s t  l a k e  i n  
C e n t r a l  Europe, which has  e x h i b i t e d  t h e  u n l i k e l y  s i g n s  o f  eu t ro -  
p h i c a t i o n ,  was chosen t o  be one o f  t h e  two c a s e  s t u d i e s .  The 
c a s e  s tudy  i s  being c a r r i e d  o u t  i n  coope ra t ion  wi th  t h e  Hungarian 
Academy o f  Sc iences  and wi th  t h e  p a r t i c i p a t i o n  of s e v e r a l  Hungarian 
i n s t i t u t i o n s .  
The gene ra l  f e a t u r e s  of  t h e  problem from a  methodological  
s t a n d p o i n t  a r e  a s  fo l lows:  (i) The system composed of  t h e  water  
body and t h e  watershed i s  l a r g e  i n  a  phys i ca l  sense ;  t h e r e f o r e ,  
u n d e r s t a n d i n g  a n d  m a n a g i n g  it cannot  be  accomplished s o l e l y  on 
an exper imental  b a s i s .  Modeling i s  a b s o l u t e l y  necessary  and should 
be i n  harmony and i n t e r a c t i o n  with  i n  s i t u  and l a b o r a t o r y  measure- 
ments and d a t a  c o l l e c t i o n ,  r e s p e c t i v e l y .  (ii) There a r e  s t r o n g  
i n t e r a c t i o n s  among b i o l o g i c a l ,  chemical ,  and hydrophysical  in - lake  
processes ;  fu r thermore ,  between t h e  watershed and water  body. 
(iii) There a r e  s e v e r a l  s t o c h a s t i c  i n f l u e n c e s  (e .g . ,  meteorology, 
hydro logy) .  ( i v )  The d a t a  a v a i l a b l e a r e o f t e n  inadequa te  and 
s c a r c e .  Uncer ta in ty  consequent ly  p l ays  an impor tan t  r o l e .  
(v)  The v i c i n i t y  of  t h e  l a k e  i s  t h e  major t o u r i s t  r e s o r t  i n  Hungary, 
s o  t h e r e  i s  a  s t r o n g  economic i n t e r e s t  i n  a  p r a c t i c a l  s o l u t i o n  t o  
t h e  problem. I n  o t h e r  words, t h e  management of t h e  system i s  of  
primary i n t e r e s t .  
From t h e s e  c h a r a c t e r i s t i c s  it fo l lows  t h a t  t h e  l a k e  and i t s  
r eg ion  form a  complex environmental  system; t h e  problems r e l a t e d  
t o  it r e q u i r e  a  systems a n a l y t i c a l  approach. The aim i s  t o  handle  
t h e  p r o b l e m i n b o t h  a  r e s e a r c h  and management c o n t e x t ,  t h a t  is ,  
t o  B e t t e r  o u r  unders tanding  on t h e  s c i e n t i f i c  l e v e l  and then  t o  
u t i l i z e  t h i s  knowledge f o r  working o u t  op t imal  c o n t r o l  s t r a t e g i e s  
f o r  improving t h e  wate r  q u a l i t y  o f  t h e  l ake .  The e l a b o r a t i o n  of  
such a  model o r  set  of models i s  n o t  an easy  t a s k  and meets se-  
r i o u s  methodological  d i f f i c u l t i e s .  I n  t h i s  r e s p e c t ,  t h e  metho- 
d o l o g i e s  developed w i t h i n  IIASA's Resources and Environment Area 
( s e e  Beck i n  t h i s  i s s u e  [ 4 ] )  could provide suppor t ,  b u t  a t  t h e  
same t ime,  t h e  c a s e  s tudy  i t s e l f  should s e r v e  t o  answer i n  a  
wider con tex t ,  t h e  methodological  q u e s t i o n s  addressed;  ano ther  
reason why t h e  c a s e  s tudy  was i n i t i a t e d .  
The o b j e c t i v e  o f  t h i s  paper is  t o  i l l u s t r a t e  wi th  t h e  example 
of  Lake Balaton,  how such a  complex system can be understood and 
managed i n  i t s  e n t i r e t y ,  i . e . ,  t o g e t h e r  wi th  t h e  r e l a t e d  metho- 
d o l o g i c a l  ques t ions .  The paper is  organized  a s  fo l lows:  f i r s t ,  
t h e  main c h a r a c t e r i s t i c s  of t h e  system and t h e  modeling approach 
a r e  o u t l i n e d  (Sec t ions  2 and 3 ) .  I n  Sec t ion  4 ,  t h e  i n d i v i d u a l  
s t e p s  o f  t h e  a n a l y s i s  a r e  i l l u s t r a t e d  through examples. These 
w i l l  be r e l a t e d  t o  t h e  sediment-water i n t e r a c t i o n ,  s p a t i a l  mass 
exchange, n u t r i e n t  l oad ing  problem,and t h e  l a k e  e u t r o p h i c a t i o n  
model. I n  most of  t h e  examples t h e  i n f l u e n c e  o f  u n c e r t a i n t i e s  
and s t o c h a s t i c  e f f e c t s  w i l l  be accounted f o r .  A t  t h e  end o f  t h i s  
s e c t i o n ,  it is  shown how t h e  l a k e  wate r  q u a l i t y  model can be 
inco rpo ra t ed  i n t o  t h e  management framework. 
I t  has  t o  be mentioned t h a t  t h e  s tudy  has n o t  y e t  been com- 
p l e t e d .  Therefore ,  i n  some c a s e s ,  r e f e r e n c e  w i l l  be made t o  re -  
s u l t s  which a r e  p re l imina ry  on ly .  
2 .  MaJOR CH?iRACTERISTICS O F  THE SYSTEM 
The l a k e  and i t s  watershed a r e  i l l u s t r a t e d  i n  F igure  1 .  The 
l e n g t h  of t h e  l a k e  is  78 km, t h e  average width around 8  km ( s u r f a c e  
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a r e a  n e a r l y  600 km ) and t h e  average dep th  3.1 m. The major in -  
f l o w  of  t h e  l a k e  i s  t h e  River  Zala a t  t h e  southwestern  end o f  t h e  
2 l a k e  which d r a i n s  h a l f  o f  t h e  t o t a l  catchment a r e a  ( "  5800 km ) .  
There is a  s i n g l e  ou t f low a t  t h e  o t h e r  end o f  t h e  l a k e ,  s i g f o k ,  
through a  c o n t r o l  g a t e .  The mean r e s idence  t ime o f  wate r  i s  
about  2 yea r s .  
The f l u c t u a t i o n  i n  t h e  w a t e r ' s  temperature  i s  high.  There 
i s  a  r e l a t i v e l y  long  ice-covered pe r iod  (around two inonths),  whi le  
t h e  temperature  i n  summer may exceed 25O C. Concerning t h e  
chemical composit ion of t h e  wate r ,  t h e  h igh  calc ium carbona te  
c o n t e n t  and pH va lue  (8.3 t o  8.7) should be  mentioned. Wind 
a c t i o n  i s  impor tan t  ( t h e r e  a r e  about  80 "stormy" days i n  a y e a r )  
r e s u l t i n g  i n  f avo rab le  oxygen cond i t i ons  and a permanent back 
and f o r t h  motion ( s e i c h e )  a long  t h e  l a k e  and a complicated c i r -  
c u l a t i o n  p a t t e r n .  Wind s t r o n g l y  i n f l u e n c e s  sed imenta t ion  and re- 
l e a s e  of va r ious  m a t e r i a l s  from t h e  sediment l a y e r  ( i t s  organ ic  
m a t e r i a l  c o n t e n t  is r e l a t i v e l y  low) .  
I n  r e c e n t  y e a r s ,  remarkable changes have been observed i n  
t h e  wate r  q u a l i t y  due t o  t h e  r a p i d  i n c r e a s e  i n  tour i sm,  sewage 
d i scha rges ,  f e r t i l i z e r  use land  o t h e r  f a c t o r s .  The a l g a l  biomass 
( a l g a e  i s  t h e  most impor tan t  primary producer i n  t h i s  c a s e )  i n -  
c r eased  by a f a c t o r  o f  10 when compared wi th  t h e  p a s t  15-20 yea r s .  
The t r e n d  i n  primary product ion is  s i m i l a r  and a t  t h e  most p o l l u t e d  
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western bas in ,peaks  o f  up t o  13.6 g ~ /m"d  were observed,  a hyper- 
t r o p h i c  va lue  [12] .  I n  s h o r t ,  t h e  average l a k e  c o n d i t i o n s  moved 
from mesotrophic t o  eu t roph ic ,  t hus  endangering t h e  u se  of  t h e  
l a k e  f o r  r e c r e a t i o n a l  purposes ,  t h e  prime water  use  i n  t h i s  ca se .  
Phosphorus p l ays  a dominant r o l e  i n  t h e  e u t r o p h i c a t i o n  of  
t h e  l a k e  ( t h e  l a k e  i s  phosphorus-l imited most of  t h e  t i m e ) .  
Thus, bo th  from t h e  p o i n t  of  view o f  unders tanding and managing 
t h e  system, t r a c i n g  t h e  phosphorus compounds i n  t h e  l a k e  and on 
t h e  watershed i s  of  primary i n t e r e s t .  The t o t a l  phosphorus l oad  
of t h e  l a k e  i s  around 1000 kg/d [15] ,  h a l f  o f  which i s  a v a i l a b l e  
f o r  a l g a l  uptake.  The load  has  many components: 33% is  de r ived  
from sewage, 27% from d i f f u s e  sou rces ,  2 2 %  i s  r e l a t e d  t o  runoff  
p roces ses  i n  t h e  d i r c e t  v i c i n i t y  of  t h e  l a k e ,  whi le  t h e  c o n t r i b u t i o n  
of atmospheric p o l l u t i o n  i s  18%. The r a t i o  of  sewage d i scha rges  
i n  t h e  a v a i l a b l e  l oad  i s  higher ;  on ly  t h e  sewage r e l e a s e d  i n  t h e  
r e c r e a t i o n a l  a r e a  (F igure  1 )  accounts  f o r  3 6 %  of  t h e  a v a i l a b l e  
load.  This  d i r e c t  l oad  v a r i e s  q u i t e  a  l o t ,  fo l lowing  t h e  f l u c t u a -  
t i o n s  i n  popula t ion  due t o  tourism, and has  a  2-4 t ime h ighe r  va lue  
i n  summer than du r ing  t h e  off-season.  The load  d i s t r i b u t i o n  
a long  t h e  l a k e  is  approximately uniform; however t h e  volume re -  
l a t e d  va lue  is twelve t i m e s  h ighe r  a t  t h e  Keszthely  Bay (F igure  1 )  
than  a t  t h e  o t h e r  end o f  t h e  l a k e ,  due t o  d i f f e r e n c e s  i n  t h e  
volume of  t h e  f o u r  main bas ins .  This  f a c t  is  a l s o  r e f l e c t e d  i n  
t h e  pronounced l o n g i t u d i n a l  g r a d i e n t  o f  v a r i o u s  wate r  q u a l i t y  
parameters ,  e .g . ,  f o r  Chlorophyll-a t h e  r a t i o  of t h e  maximum and 
minimum va lues  ranges  between 4 and 2 0 [ 2 9 ] .  The g r a d i e n t  ob- 
s e rved  a t  t h e  same t i m e  i n d i c a t e s  t h a t  t h e  s t r o n g  wind a c t i o n  and 
t h e  mixing a s s o c i a t e d  wi th  it a r e  s t i l l  n o t  s u f f i c i e n t  f o r  l e v e l i n g  
o u t  t h e  s p a t i a l  nonuni formi t ies .  
From an a n a l y s i s  of  t h e  d a t a  it i s  c l e a r  t h a t  t h e r e  is  n o t  
on ly  a  c r i t i c a l  s t a t e  o f  t h e  water  q u a l i t y  a t  Keszthely Bay, b u t  
a l s o  a  spread ing  d e t e r i o r a t i o n  process  which ex tends  towards 
o t h e r  a r e a s  of t h e  l a k e  where t h e  wate r  q u a l i t y  is  s t i l l  good. 
Thus a c t i o n  is  u r g e n t l y  r equ i r ed  from t h e  view o f  t h e  e n t i r e  
l ake .  
Based on hydro log ic  and water  q u a l i t y  c o n s i d e r a t i o n s ,  t h e  
l a k e  was d iv ided  i n t o  f o u r  b a s i n s ,  a s  i n d i c a t e d  i n  F igure  1 .  
The a p p l i c a t i o n  o f  t h e  p r i n c i p l e  o f  segmentation proved t o  be a  
u s e f u l  t o o l  f o r  modeling, d a t a  c o l l e c t i o n ,  and d a t a  handl ing.  
Concerning d a t a ,  e x t e n s i v e  r eco rds  a r e  a v a i l a b l e  on hydrology 
and meteorology. Regular water  q u a l i t y  moni tor ing s t a r t e d  t e n  
y e a r s  ago, i n  two network systems c o n s i s t i n g  of  9 and 16 s p a t i a l  
sampling p o i n t s ,  r e s p e c t i v e l y  (10-20 measurements p e r  y e a r ) ,  b u t  
i r r e g u l a r  d a t a  a r e  a l s o  a v a i l a b l e  back t o  t h e  e a r l y  s i x t i e s .  
Seve ra l  o t h e r  i n  s i t u  and l a b o r a t o r y  measurements were a l s o  taken 
(primary produc t ion ,  e x t i n c t i o n ,  sediment-water i n t e r a c t i o n ,  
v e l o c i t y ,  e t c . ) .  A survey was done on t h e  n u t r i e n t  l oad  between 
1975-79, which involved 2 0  t r i b u t a r i e s  and 27 sewage d i scha rge  
p o i n t s  [ IS ]  ( i n d i c a t e d  i n  F igure  1 ) .  On t h e  major t r i b u t a r y ,  
d a l l y  obse rva t ions  were made du r ing  t h i s  pe r iod  [161. 
On t h e  b a s i s  of  d a t a  c o l l e c t e d  by Hungarian i n s t i t u t i o n s  
r e c e n t l y ,  more o f t e n  i n  i n t e r a c t i o n  wi th  modeling--the "Lake 
Balaton Data Bank" was c r e a t e d  a t  IIASA, s e r v i n g  a s  a s t a r t i n g  
p o i n t  f o r  t h e  modeling work. 
For f u r t h e r  d e t a i l s  on t h e  c a s e  s tudy ,  t h e  r e a d e r  i s  r e -  
f e r r e d  t o  [29,  301. 
3. THE MODELING APPROACH 
3.1 The prev ious  s e c t i o n s  demonstrated t h e  complexity of  t h e  
-
water  q u a l i t y  problem. Here, methodological  q u e s t i o n s  w i l l  be 
d i scussed .  For t h e  purpose o f  i l l u s t r a t i o n  t h e  i n - l ake  processes  
w i l l  be considered.  From t h i s  example, conc lus ions  w i l l  be drawn, 
l e a d i n g  t o  t h e  modeling approach t o  be adopted.  
The water  q u a l i t y  o f  a l a k e  i s  t h e  r e s u l t  of  s e v e r a l  phys i ca l ,  
chemical ,  and b i o l o g i c a l  p rocesses .  The development o f  a model 
i s  g e n e r a l l y  based on t h e  a p p r o p r i a t e  combination of knowledge 
gained from theo ry  and measurements, r e s p e c t i v e l y  ( t h e  so -ca l l ed  
t h e o r e t i c a l  and measurement knowledge [8]). Depending on t h e  
s o l i d i t y  o f  t h e  t heo ry  of v a r i o u s  p roces ses ,  q u i t e  d i f f e r e n t  
approaches may be employed. For example, i n  most of  t h e  hydrodynamic 
applications ("hard" science, see [3] ) the model structure is 
basically determined by the partial differential equations (PDEs) 
of continuity and momentum (exceptions may be caused by not well 
defined or unknown boundary conditions, see Section 4.1). With- 
in the domain of water quality, the theoretical background of 
biology and chemistry ("soft" sciences) is less satisfactorily 
established and model development should be supported more exten- 
sively by the measurement knowledge. The development is generally 
based on testing hypotheses, and uncertainty plays an important 
role [9, 14, 301. Under such conditions, steps such as model 
structure identification, parameter estimation and the analysis 
of error propagation [2] are inevitably required--techniques 
which are available mostly for ordinary differential equations 
(ODES) only. 
In the majority of the water quality models, the description 
of processes of both of the categories mentioned is necessitated; 
the dilemma then is [26] : how should the modeling procedure of 
biology and chemistry (ODE structure with interactive use of data) 
be combined with the "precise" treatment of hydrodynamics, the 
PDE structure of which a priori excludes the application of most 
of the techniques required for the cognition of phenomena of the 
other group and consequently the exploration of the entire process? 
The answer seems to be relatively easy, namely one should 
start elaborating detailed models for both groups, and keeping in 
mind the main features of the other group (time and length scales 
[Ill, etc.), simplify them through a sensitivity analysis (aggre- 
gation on the base level). Then the same procedure should be 
repeated after coupling the models (aggregation on the higher 
level) which should then establish the relative importance of 
various processes and harmony among t h e  m e t h o d o l o g i e s  employed. 
From this conclusion, an o f f - l i n e  modeling approach follows, 
which avoids the direct coupling of all the detailed submodels. 
The procedure starts with a resonable d e c o m p o s i t i o n  of the com- 
plex structure into smaller, more tractable units which are 
accessible for separate and detailed studies. This is followed 
by two different kinds of a g g r e g a t i o n s ,  the aim of which is to 
preserve and integrate only essentials, but ruling out the un- 
necessary details. In contrast to the paper by Beck [4], the 
procedure of decomposition and subdivision has a different meaning 
here. In the course of submodel development, experiments of 
"isolated" character are certainly required, but then the coupled, 
aggregated ("smaller") model is validated against its detailed 
("larger") version and data on the higher level (a tedious task 
which is rarely documented in the literature). It is also stressed 
that for such a complex system one "small" model is as unrealistic 
as one "large" model (accordingly, the solution cannot be looked 
for in this contrast, i.e., "larger" or "smaller" model--the 
question rasied by Beck [4]). Thus, a procedure which is re- 
quired progresses through the subsequent development of d e t a i l e d  
and s i m p l i f i e d  models  by maintaining only the aggregated knowledge 
on the higher level. 
Each modeling step is associated with model and data u n c e r -  
t a i n t i e s ;  consequently, the aggregation is required in this re- 
spect as well: another guideline in our approach. 
The tactics of decomposition are especially important if 
the objective of the study involves such different levels as the 
scientific understanding of a system and the decision making 
r e l a t e d  t o  t h e  same problem: a s i t u a t i o n  t h a t  we f a c e  here .  
3.2 The a p p l i c a t i o n  of  t h i s  approach f o r  t h e  Lake Balaton problem 
- 
i s  expla ined  wi th  t h e  h e l p  of F igure  2 ,  which shows t h e  frame- 
work of t h e  r e s e a r c h  [30] .  The f i r s t  decomposit ion t h a t  d i r e c t l y  
comes t o  mind i s  t h e  d i s t i n c t i o n  between l a k e  and watershed,  s i n c e  
a s  mentioned be fo re ,  t h e  wate r  q u a l i t y  problem l i e s  i n  t h e  l a k e ,  
b u t  t h e  causes ,  and p r a c t i c a l l y  a l l  c o n t r o l  p o s s i b i l i t i e s  a r e  t o  
be found i n  t h e  watershed.  Next, t h e  v a r i o u s  u n i t s  should be 
s epa ra t ed  and t h e  e s s e n t i a l  r e s u l t s  p u t  t o g e t h e r  on a s u c c e s s i v e l y  
h ighe r  l e v e l  of  i n t e g r a t i o n .  The procedure  i nvo lv ing  f i v e  s t r a t a  
w i l l  be d i scussed  i n  g r e a t e r  d e t a i l  f o r  t h e  Lake Eu t roph ica t ion  
Model (LEM),  wi th  r e f e r e n c e  t o  models now being e l abo ra t ed .  The 
p a r a l l e l s  i n  t h e  N u t r i e n t  Loading Model (NLM) can be found through 
F igure  1. 
St ra tum 5 
F i r s t ,  t h o s e  segments of t h e  l a k e  should be  i s o l a t e d  which 
can be cons idered  approximately  uniform from t h e  viewpoint  of  
water  q u a l i t y  (complete mixing i n s i d e  each u n i t )  and from t h e  
f a c t o r s  i n f l u e n c i n g  them. The o b j e c t i v e  of  t h e  models on t h i s  
s t r a tum i s  t o  d e s c r i b e  t h e  a l g a l  dynamics and n u t r i e n t  c y c l i n g  
f o r  a l l  t h e  segments, involv ing  bo th  t h e  water  body and t h e  s ed i -  
ment, s i n c e  t h e  l a t t e r  i s  a s i n k  and sou rce  of v a r i o u s  m a t e r i a l s  
and t h e i r  i n t e r a c t i o n  p l a y s  an impor tan t  r o l e  i n  shal low l a k e s  
( a l s o  from t h e  p o i n t  of view of  management, a f t e r  a r educ t ion  i n  
l o a d ,  t h e  new e q u i l i b r i u m  of t h e  l a k e  w i l l  be determined by t h e  
n u t r i e n t  r e l e a s e  of t h e  sed iment ) .  These k inds  of  models based 
on t h e  mass conse rva t ion  p r i n c i p l e  and formulated through a s e t  
of  non l inea r  ODES a r e  well-known i n  t h e  l i t e r a t u r e  [21] .  I n  t h e  
frame of  t h e  p r e s e n t  s tudy ,  t h r e e  submodels, BEM, BALSECT, and 
SIMBAL were developed (see [13, 19, 311, with respect to their 
comparison [30]) which differs basically in the number of state 
variables (between 4 and 7) and essential parameters (10-171, 
as well as in the mathematical formulation of various processes 
and in the parameter estimation technique adopted. It is noted 
here that some of the parameters can be derived from further 
isolation up to a lower level with appropriately designed experi- 
ments. As examples, the estimation of algal growth parameters 
from vertical primary production measurements [321 and the study 
of wind induced sediment-water interaction (see Section 4.1) may 
be mentioned. 
To end the discussion on stratum 5, it is stressed that 
several steps of the analysis are based on intuition (starting 
from the segmentation to the formulation of various biochemical 
processes), thus the inclusion of data with their uncertainties 
is imperative. 
Stratum 4 
On the next level the segment-oriented biochemical and sedi- 
ment models are coupled by involving mass in- and outflows at 
the boundaries of the units. For this purpose, a hydrodynamic- 
transport model can be used. In light of the experiences gained 
from the study of the Great Lakes [7], it was decided not to use 
a coupled more-dimensional hydrodynamic-transport model incor- 
porating the submodels of the lower stratum: the gain in infor- 
mation is not proportional to the increase in complexity; further- 
more it causes methodological difficulties as explained in Section 
3.1. Here again, an off-line technique is applied. The basic 
assumption is that it is sufficient to subdivide the lake in a 
l o n g i t u d i n a l  d i r e c t i o n  on ly .  This  i s  suppor ted  by t h e  r i v e r i n e  
shape o f  t h e  l a k e  and t h e  presumably e x t e n s i v e  t r a n s v e r s a l  mixing,  
s i n c e  t h e  p r e v a i l i n g  wind d i r e c t i o n  i s  n e a r l y  p e r p e n d i c u l a r  t o  
t h e  l a k e ' s  a x i s  ( t h e  d e s c r i p t i o n  o f  t h e  s h o r e l i n e  e f f e c t s  i s  n o t  
t h e o b j e c t i v e  h e r e ) .  Consequently t h e  p a r a l l e l  development o f  an  
unsteady th ree -d imens iona l  (3D) and one-dimensional  ( I D )  hydro- 
dynamic model was dec ided  on. The r e s u l t s  ga ined  ( f o r  d e t a i l s  
see [22] and [27] showed t h a t  t h e  two models cou ld  be e q u a l l y  
c a l i b r a t e d  a g a i n s t  dynamic wate r  l e v e l  d a t a  and sugges ted  t h a t  t h e  
cross-sectionallyaverageddischarge, Q ( t ) ,  can be p r o p e r l y  d e r i v e d  
from t h e  much s i m p l e r  1D model which a l s o  a l lowed an u n c e r t a i n t y  
a n a l y s i s  on t h e  wind d a t a ,  a methodolog ica l ly  remarkable  a s p e c t  
(Sec t i on  4 . 2 ) .  The 1D v e r s i o n  c a p t u r e s  o n l y  t h e  r a t h e r  r a p i d  
s e i c h e  motion on t h e  l a k e  ( convec t i on )  b u t  n o t  t h e  d i f f e r e n t  k i n d s  
o f  backflows and c i r c u l a t i o n s :  t h e i r  mixing i n f l u e n c e  shou ld  be  
d e r i v e d  from t h e  3D model. I n  f a c t ,  a l o n g i t u d i n a l  d i s p e r s i o n  
c o e f f i c i e n t ,  DL, can  be approximate ly  c a l c u l a t e d  from t h e  v e l o c i t y  
f i e l d  by t h e  method s i m i l a r  t o  t h a t  employed f o r  r i v e r s  [ l o ] .  
Based on t h e  i n i t i a l  expe r i ences  [23] it seems t o  be s u f f i c i e n t  
t o  perform t h e  conlputat ions f o r  some t y p i c a l  stormy e v e n t s  and 
a f t e r w a r d  t o  c o r r e l a t e  D t o  wind paramete rs .  The r e l a t i o n s h i p  L 
D L [ W ( t )  ] ga ined ,  w i l l  a l l o w  replacement  o f  t h e  coupled 3D hydro- 
dynamic- t ranspor t  model by a ID v e r s i o n .  Thus t h e  submodels o f  
s t r a t u m  5 w i l l  be i n c o r p o r a t e d  i n t o  a set  of  l o n g i t u d i n a l  d i s -  
p e r s i o n  e q u a t i o n s  on s t r a t u m  4 .  Thi s  agg rega t i on  i s  achieved by 
a s e n s i t i v i t y  a n a l y s i s  s o l e l y  on t h e  hydrodynamics. The second 
agg rega t i on  (see S e c t i o n  3.1)  can be a r r i v e d  a t  w i t h  t h e  u se  o f  
t h e  coupled d i s p e r s i o n  biochemical  model c u r r e n t l y  be ing  
e l a b o r a t e d ,  which a l lows  a s e n s i t i v i t y  s tudy  of  a l l  t h e  processes  
involved.  
I t  should be mentioned he re  ( s e e  Sec t ion  2 )  t h a t  p r o v i s i o n a l l y ,  
i n  a l l  t h r e e  biochemical  models f o u r  segments ( s e e  F igu re  1 )  a r e  
assumed; t h e i r  coupl ing  i s  based on hydro log ic  throughflow and a 
wind in f luenced  mass exchange process  desc r ibed  g l o b a l l y .  Since 
t h e  model s t r u c t u r e  based on ODES has  many advantages ,  one of t h e  
o b j e c t i v e s  of  t h e  s tudy  on t h e  ID coupled model i s  whether t h e  
fou r  b a s i n s  concept  can be mainta ined o r  n o t .  
St ra tum 3 
The involvement of  mass exchange among segments a s  desc r ibed  
be fo re  w i l l  r e s u l t  i n  t h e  Lake Eut rophica t ion  Model (LEM) (F igure  
2 )  which has s e v e r a l  f o r c i n g  f u n c t i o n s ,  such a s  s o l a r  r a d i a t i o n ,  
wate r  t empera ture ,  wind, e t c .  ( n a t u r a l  o r  u n c o n t r o l l a b l e  f a c t o r s )  
and t h e  n u t r i e n t  load .  S ince  t h e  l a t t e r  i s  t h e  on ly  f a c t o r  t o  be 
c o n t r o l l e d ,  it p lays  a d i s t i n g u i s h e d  r o l e ;  however, l e s s  modeling 
work was done 'on it i n  t h e  frame of  t h e  ca se  s tudy .  This  can be 
expla ined  by t h e  r e l a t i v e l y  h igh  c o n t r i b u t i o n  o f  t h e  sewage load  
(modeling is b a s i c a l l y  n o t  needed he re  because of  t h e  n a t u r e  of  
t h e  problem) and t h e  l i m i t e d  amount o f  watershed d a t a  a v a i l a b l e  
f o r  non-point source  modeling. A thorough d a t a  c o l l e c t i o n  and 
t h e  d e r i v a t i o n  of  a n u t r i e n t  ba lance  f o r  t h e  whole l a k e  w e r e  
p r e f e r r e d  ( f o r  d e t a i l s  see [ I  51 ) , t h e  r e s u l t s  o f  which w e r e  a l -  
ready summarized i n  Sec t ion  2 .  This  s tudy  a l s o  involved an 
u n c e r t a i n t y  a n a l y s i s  i n  r e l a t i o n  t o  t h e  unobserved c o n t r i b u t i o n  
o f  f l oods  t o  t h e  l o a d  (Sec t ion  4 . 3 ) .  The r e s e a r c h  al lowed t h e  
d e r i v a t i o n  of t h e  temporal  and s p a t i a l  p a t t e r n  of t h e  load  com- 
ponents i n  a d e s c r i p t i v e  f a sh ion ,  bo th  f o r  LEM and t h e  Water 
Q u a l i t y  Management Model (WQMM) on s t r a tum 2 .  I n  f a c t ,  a t  t h e  
f i r s t  s t a g e  of l a k e  model development t h e  modeling of  any o f  t h e  
d r i v i n g  f u n c t i o n s  i s  n o t  n e c e s s a r i l y  r e q u i r e d ;  bo th  f o r  c a l i b r a t i o n  
and v a l i d a t i o n ,  h i s t o r i c a l  d a t a  can be employed. For planning 
purposes t h e  s i t u a t i o n  is  d i f f e r e n t ,  t h e r e f o r e  t h e  s t o c h a s t i c  
e f f e c t s  of  bo th  t h e  l oad  and meteorology were involved through 
Monte-Carlo s imu la t ion  (Sec t ion  4 . 4 ) .  
Stratum 2 
The o b j e c t i v e  of  WQMM i s  t o  g e n e r a t e  a l t e r n a t i v e  management 
o p t i o n s  and s t r a t e g i e s  ( t h e  e f f e c t  o f  t h e s e  being expressed through 
NLM which should be used h e r e  i n  a  planning mode) and t o  s e l e c t  
from among t h e s e  a l t e r n a t i v e s ,  on t h e  b a s i s  o f  one o r  more ob- 
j e c t i v e s .  Both wate r  q u a l i t y  and expenses can be used a s  ob- 
j e c t i v e  f u n c t i o n s  o r  c o n s t r a i n t s ,  and q u i t e  o f t e n  t h e i r  weight ing 
i s  r equ i r ed .  Frequent ly  t h e  load can r e p l a c e  t h e  l a k e ' s  water  
q u a l i t y  i n  t h e  op t imiza t ion  i n  which c a s e  LEM i s  used merely t o  
check t h e  r e a c t i o n  o f  t h e  l a k e  and WQMM may have a  s impler  s t r u c -  
t u r e .  Admittedly however, t h e  f i r s t  v e r s i o n  i s  more obvious  be- 
cause  of  t h e  n a t u r e  of  t h e  problem. This  fo rmula t ion  however 
l e a d s  t o  t h e  dilemma: how should a complex dynamic model be in- 
corpora ted  i n t o  t h e  o p t i m i z a t i o n  framework [ 2 8 ]  ? 
A t  t h i s  s t e p  agg rega t ion  i s  also needed. This  s t a r t s  w i th  
t h e  s e l e c t i o n  of  c e r t a i n  water  q u a l i t y  i n d i c a t o r s  c h a r a c t e r i z i n g  
t h e  l a r g e  scale and long-term behavior  of  t h e  system s e r v i n g  as 
a  b a s i s  f o r  d e c i s i o n  making. D i f f e r e n t  parameters  ( y e a r l y  peak, 
d i f f e r e n t  averages ,  d u r a t i o n  of  c r i t i c a l  c o n c e n t r a t i o n s ,  f requency 
d i s t r i b u t i o n s ,  e tc . )  o f  t y p i c a l  water  q u a l i t y  components (primary 
produc t ion ,  a l g a l  biomass, Chlorophyll-a,  e t c  . ) can be used as 
i n d i c a t o r s .  Subsequently t h e  dynamic model LEM can be used i n  
t e r m s  of  i n d i c a t o r s  e s t a b l i s h e d ,  I,  under reduced load ing  con- 
d i t i o n s  o r  i n  ano the r  way under s e v e r a l  l oad ing  s c e n a r i o s ,  L. 
Since  t h e  d e f i n i t i o n  o f  i n d i c a t o r s  i n t r o d u c e s  temporal  averag ing ,  
it i s  expected t h a t  t h e  l a k e ' s  response w i l l  be l e s s  complex com- 
pared t o  t h e  dynamic s imu la t ion  and a  s imple ,  d i r e c t  I ( L )  t ype  
r e l a t i o n s h i p  can be found. I f  such a  s o l u t i o n  has a l r e a d y  been 
a t t a i n e d ,  LEM could  be r ep l aced  by I ( L )  i n  WQMM; an e s s e n t i a l  
aggrega t ion  (see Sec t ion  4.5) . 
Among t h e  management a l t e r n a t i v e s ,  only  t h e  two most impor- 
t a n t  o p t i o n s  a r e  mentioned here:  (i) t e r t i a r y  t r ea tmen t  ( p o i n t  
source  load  r e d u c t i o n )  , (ii) e s t a b l i s h i n g  r e s e r v o i r s  ( c o n s i s t i n g  
of two segments s e r v i n g  f o r  t h e  removal o f  both  p a r t i c u l a t e  and 
dkssolved n u t r i e n t  forms, r e s p e c t i v e l y  [ 2 9 ] )  a t  t h e  mouth of  
r i v e r s  which a r e  t h e  r e c i p i e n t s  of p o i n t  and non-point source  
p o l l u t a n t s .  The op t imiza t ion  should then  be based on t h e  t r ade -  
o f f  between t h e  two b a s i c  a l t e r n a t i v e s ,  w i th  r e s p e c t  t o  t h e i r  l o -  
c a t i o n s  (e .g . ,  r e g i o n a l  ve r sus  l o c a l  t r e a t m e n t )  and t h e  s p a t i a l  
v a r i a t i o n  of  t h e  l a k e ' s  water  q u a l i t y .  
St ra tum 1 
For t h e  sake  o f  completeness it has  t o  be mentioned t h a t  
WQMM could be thought  of  a s  being a  p a r t  o f  a  r e g i o n a l  development 
p o l i c y  model forming t h e  t o p  of  t h e  pyramid, a  f i e l d  which i s  
beyond t h e  scope o f  t h i s  s tudy.  
4 .  ILLUSTRATION OF THE DIFFERENT STEPS OF THE APPROACH 
4.1 Wind Induced Sediment Water I n t e r a c t i o n  (Stra tum 5 )  
For s tudying  t h e  sediment-water i n t e r a c t i o n  i n  l a k e s ,  s e v e r a l  
approaches a r e  p o s s i b l e  (see, f o r  example [24] ) . In  t h i s  s tudy,  
y e t  ano ther  method w a s  chosen [25 ] ,  i n  r e c o g n i t i o n  t h a t  when 
e u t r o p h i c a t i o n  i s  cons idered ,  more than  j u s t  t h e  phys i ca l  pro- 
c e s s e s  should be examined. Dai ly  measurements were taken f o r  6 
months, a t  t h e  mid-point (dep th  H = 4.3 m )  of  t h e  Szemes bas in  
(Basin 2 ,  Figure  1 ) .  The measurements involved Secchi  dep th ,  
temperature ,  suspended s o l i d s  (SS) ,  Chlorophyll-a,  and phosphorus 
f r a c t i o n s  a t  d i f f e r e n t  v e r t i c a l  l o c a t i o n s .  Wind v e l o c i t y  and d i -  
r e c t i o n  were recorded cont inuous ly ,  from which hour ly  averages  
were c a l c u l a t e d .  The o b j e c t i v e  o f  t h e  f i r s t  p a r t  o f  t h e  a n a l y s i s  
was t o  d e s c r i b e  t h e  dynamics of  t h e  suspended s o l i d s  a s  a  f u n c t i o n  
o f  wind. This  then  a l lowed f o r  a  c h a r a c t e r i z a t i o n  o f  t h e  temporal 
changes i n  t h e  l i g h t  c o n d i t i o n s ,  t h e  d e p o s i t i o n ,  and resuspens ion  
o f  o t h e r  p a r t i c u l a t e  m a t e r i a l  and t o  some e x t e n t ,  a l s o  t h e  r e -  
l e a s e s  o f  d i s s o l v e d  components. Here on ly  t h e  behavior  of  SS w i l l  
be r epo r t ed .  
The a n a l y s i s  s t a r t e d  from a  s i m p l i f i e d  t r a n s p o r t  equa t ion  f o r  
d e s c r i b i n g  t h e  temporal  and v e r t i c a l  changes of  t h e  average SS 
concen t r a t i on  i n  t h e  b a s i n ,  n e g l e c t i n g  in f low and outf low.  It  
w a s  recognized however, t h a t  t h e  problem had an undefined boundary 
cond i t i on  a t  t h e  bottom, z  = H ,  [25] 
where c  i s  concen t r a t i on ,  w i s  s e t t l i n g  v e l o c i t y ,  E i s  v e r t i c a l  
eddy v i s c o s i t y ,  and @d and @e a r e  t h e  f l u x e s  o f  d e p o s i t i o n  and 
resuspens ion ,  r e s p e c t i v e l y .  I n  f a c t ,  one of t h e  o b j e c t i v e s  o f  t h e  
measurements w a s  t o  fo rmula te  t h e  boundary condi t ion .  From t h e  
obse rva t ions  made, it appeared t h a t  t h e  temporal  changes governed 
t h e  system (see Figure  3a f o r  t h e  dep th  i n t e g r a t e d  v a l u e s  and 
wind s p e e d ) .  The c ( z )  v e r t i c a l  p r o f i l e s  w e r e  q u i t e  uni form,  ex- 
c e p t  c l o s e  t o  t h e  bottom where t h e  expec t ed ,  b u t  sudden i n c r e a s e  
cou ld  be obse rved .  Accordingly ,  it was dec ided  n o t  t o  de te rmine  
t h e  unknown boundary c o n d i t i o n  from t h e  PDE f o rmu la t i on  ( a  r a t h e r  
t e d i o u s  p o r c e d u r e ) ,  b u t  t o  i n t e g r a t e  t h e  t u r b u l e n t  d i f f u s i o n  
equa t i on  a long  t h e  d e p t h ,  and use  t h e  ODE d e r i v e d ,  which t h u s  
d i r e c t l y  i n v o l v e s  t h e  boundary c o n d i t i o n  i t s e l f .  
I n  o r d e r  t o  c a r r y  o u t  t h i s  s t e p ,  h y p o t h e s e s  w e r e  needed f o r  
t h e  f l u x e s  Qd and Qe.  The d e p o s i t i o n  was c h a r a c t e r i z e d  by i t s . P  
p r o b a b i l i t y  ( e x p r e s s i n g  which p o r t i o n  o f  t h e  p a r t i c l e s  r e a c h i n g  
t h e  i n t e r f a c e  would remain t h e r e ) :  
( he r e ,  t h e  wavy l i n e  i n d i c a t e s  d e p t h  averaged  v a l u e ) ,  w h i l e  Oe 
by a n  e m p i r i c a l  r e l a t i o n s h i p  [I81 
where ps and pw a r e  sediment  and w a t e r  d e n s i t i e s ,  and w i s  en- 
e 
t r a i nmen t  v e l o c i t y .  To f i n d  w t h e  concep t  o f  energy  t r a n s f o r -  
e 
mula t i on  between p o t e n t i a l  and t u r b u l e n t  k i n e t i c  e n e r g i e s  o f t e n  
employed f o r  s t r a t i f i e d  l a k e s  was adop ted  [ 6 ] .  Accordingly ,  under  
s i m p l i f i e d  c o n d i t i o n s :  
where t h e  power depends on t h e  Richardson number. 
Using t h e s e  hypotheses ,  t h e  dep th  i n t e g r a t e d  t r a n s p o r t  equa- 
t i o n  t a k e s  t h e  fo l lowing  form [25] : 
where K1 and K 2  comprise on t h e  one hand parameters  l i s t e d  i n  p a r t  
before ,  being approximately  c o n s t a n t  f 0 r . a  g iven s i t u a t i o n ,  and 
unknown c o e f f i c i e n t s  on t h e  o t h e r  hand, de r ived  from t h e  hypotheses 
(Equations 2 t o  4 ) .  Consequently, t h e  s t r u c t u r e  o f  t h e  model should 
be i d e n t i f i e d  and t h e  parameter va lues ,  Kit K 2 ,  and n ,  e s t ima ted  
from measurements. The f e a s i b i l i t y  o f  Equation ( 5 )  can be appre- 
c i a t e d  from F igu re  3a, which c l e a r l y  shows t h e  i n f l u e n c e  o f  t h e  
wind v e l o c i t y  on t h e  concen t r a t i on .  However, a s imple  r e g r e s s i o n  
between t h e  W and SS is  n o t  p r e c i s e  enough; t h e  involvement of 
SS i n  a t i m e  series f a sh ion  improves it, t h u s  sugges t ing  t h e  in-  
f l u e n c e  of  s e t t l i n g  and depos i t i on .  
F i r s t  a d e t e r m i n i s t i c  e s t i m a t i o n  technique  was adopted t o  
der3ve t h e  unknown c o e f f i c i e n t s  which r e s u l t e d  i n  r e a l i s t i c  v a l u e s  
b u t  w3thout proving t h e  c o r r e c t n e s s  of t h e  hypotheses ( a p o s t e r i o r i  
model s t r u c t u r e  i d e n t i f i c a t i o n ,  s e e  Beck i n  t h i s  i s s u e  [ 4 ] ) .  
For t h i s  purpose,  as a second s t e p ,  t h e  Extended Kalman 
F i l t e r  (EKF) method was a p p l i e d  [ 2 ,  51 . For t h e  power n a va lue  
near  t o  1 was de r ived  which corresponded t o  t h e  smal l  Richardson 
number [26] .  Subsequently n was f i x e d  t o  1 s i n c e  i n  t h i s  c a s e  
t h e  phys i ca l  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  i s  more obvious.  The 
r e c u r s i v e  e s t i m a t i o n  s t a r t e d  from t h e  e s t i m a t e s  of  t h e  determin- 
i s t i c  technique.  The r e s u l t s  a r e  i l l u s t r a t e d  i n  F igure  3a. A s  
i s  apparen t ,  t h e  agreement between obse rva t ions  and model ca lcu-  
l a t i o n  is  reasonably  good, and t h e  parameters  become approximately 
c o n s t a n t  a f t e r  t h e  f i r s t  40-50 days  (F igu re  3 b ) ,  p rov ing  t h a t  t h e  
mode2 s t r u c t u r e  i s  c o r r e c t  [2, 4 1 .  Some s l i g h t  parameter  changes 
can be obse rved  a t  t h e  end o f  t h e  p e r i o d ;  t h i s  may be caused,  e . g . ,  
by t h e  ex c l u s i o n  o f  inf low-outf low p r o c e s s e s  ( o r  by o t h e r  phenomena 
such a s  a l g a l  b looms) .  Th i s  s u g g e s t s  t h a t  t h e  i s o l a t i o n  o f  sub- 
p r o c e s s e s  i s  g e n e r a l l y  n o t  complete.  From t h e  a n a l y s i s ,  a  r e a l i s t i c  
o r d e r  o f  magni tudes  f o l l o w s  f o r  a l l  t h e  e s s e n t i a l  p h y s i c a l  quan- 
t i t i e s ;  i n  t h i s  co n n ec t i o n  see [ 26 ] .  
A s  can be obse rved  i n  F igu re  3 ,  f o r  one  month i n  t h e  middle  
o f  t h e  t o t a l  p e r i o d ,  no measurements w e r e  a v a i l a b l e ,  s o  t h e  model 
was used f o r  p r e d i c t i o n .  The a p p r o p r i a t e n e s s  o f  t h e  model i s  
a l s o  i l l u s t r a t e d  by t h e  f a c t  t h a t  a f t e r  g e t t i n g  new d a t a ,  t h e  
pa ramete r  v a l u e s  d i d  n o t  change.  Th i s  second p e r i o d  s e rved  f o r  
v a l i d a t i o n ,  f o l l o w i n g  t h e  i d e n t i f i c a t i o n  and c a l i b r a t i o n  p rocedure .  
The s t u d y ,  which u n d e r l i n e s  t h e  d e f i n i t e  need t o  combine 
b o t h  t h e o r e t i c a l  and measurement knowledge, r e s u l t e d  i n  two b a s i c  
achievements:  (i) t h e  e s t i m a t i o n  o f  t h e  unknown boundary c o n d i t i o n  
o f  a  t r a n s p o r t  problem (which was t hen  a l s o  so lved  by u s i n g  an i m -  
p l i c i t  f i n i t e  d i f f e r e n c e  method b u t  t h e  "submodel" was n o t  main- 
t a i n e d  f o r t h e c o m p l e x  s t u d y  a s  t h e  v e r t i c a l  changes a r e  n o t  essen-  
t i a l  i n  t h i s  c a s e  from t h e  p o i n t  o f  view o f  e u t r o p h i c a t i o n )  , and 
(ii) t h e  d e s c r i p t i o n  of  t h e  p r o c e s s e s  o f  d e p o s i t i o n  and resuspen-  
s i o n  th rough  an  ODE which can be e a s i l y  i n c o r p o r a t e d  i n t o  t h e  b io-  
chemical  submodel w i t h  a  s i m i l a r  ODE s t r u c t u r e .  
I n  a d d i t i o n  t o  t h e  wind induced i n t e r a c t i o n  d i s c u s s e d  h e r e ,  
t h e  sediment  b iochemis t ry  i s  a l s o  o f  major  impor tance ,  a  f i e l d  
where f u r t h e r  r e s e a r c h  i s  r e q u i r e d .  
4.2 Application of a ID Hydrodynamic Model (Stratum 4) 
The objective of the model has already been explained. The 
complete one-dimensional equation of momentum and continuity was 
solved by using a conventional implicit finite difference scheme 
[27]. For the matrix inversion, an effective decomposition tech- 
nique was developed, resulting in economic computations [27]. 
Dynamic input is the longitudinal component of the wind force, 
while the output is the water level and streamflow rate at each 
cross section (Ax = 2000 m). The two parameters of the model 
(drag coefficient and bottom friction) were calibrated on the ba- 
sis of the work of Muszkalay [201. From the data of nearly ten 
years of observations, he derived empirical relationships between 
some typical wind parameters of a storm and the corresponding 
maximum denivellation of water surface and velocity at the Tihany 
peninsula (Figure I), respectively. For validation, more than ten 
historical events were selected. The results of one example are 
shown in Figure 4. This event can be characterized by a long- 
lasting longitudinal wind followed by smaller shocks of different 
directions (Figure 4a). It is apparent that the agreement between 
measured and simulated water levels is satisfactory (Figure 4b). 
The discharge shows a striking oscillation between-2000 and 3000 
3 
m /s (Figure 4c: associated with the seiche phenomenon) which is 
higher by two orders of magnitude than the hydrologic throughflow 
and may cause considerable fluctuation in the volume of the basins 
(Figure 1). The seiche phenomenon alone will certainly not cause 
mixing and its influence can be judged only by the method described 
in Section 3.2. Still, its effect can be illustrated from another 
angle: at a given location the rapid seiche motion will cause an 
o s c i l l a t i o n  o f  v a r i o u s  c o n s t i t u e n t s  w i t h i n  a  day,  which s t r o n g l y  
depends a l s o  on t h e  l o n g i t u d i n a l  g r a d i e n t .  T h i s  may r e s u l t  i n  
quite a  c r i t i c a l  error i n  t h e  c o n c e n t r a t i o n  de te rmined  th rough  i n -  
s t a n t a n e o u s  sampl ing ,  a  r e c o g n i t i o n  which w i l l  a l l o w  d e f i n i t i o n  
th rough  t h e  model o f  a n  u n c e r t a i n t y  r a n g e  o f  h i s t o r i c a l  measure- 
ments .  To f i n d  a  more s a t i s f a c t o r y  agreement  t h a n  i n  t h e  p r e v i o u s  
example i s  o f t e n  i m p o s s i b l e .  The r e a s o n  i s  q u i t e  s imple :  a  s m a l l  
e r r o r  i n  t h e  wind d i r e c t i o n  may c a u s e  a d r a s t i c  change i n  t h e  wind 
f o r c e ,  i f  t h e  d i r e c t i o n  i s  f a r  from t h e  l o n g i t u d i n a l  one .  I n  f a c t ,  
t h e r e  a r e  many k i n d s  of  u n c e r t a i n t i e s  i n  t h e  wind d i r e c t i o n ,  such 
a s  random f l u c t u a t i o n  ( t u r b u l e n c e ) ,  t h e  i n f l u e n c e  o f  h i l l s  on t h e  
n o r t h e r n  s i d e  o f  t h e  l a k e ,  which c a u s e  n o n u n i f o r m i t i e s  i n  t h e  wind 
f i e l d ,  measurement e r r o r s ,  etc .  F i g u r e  5  i l l u s t r a t e s  t h e  c a s e  
( t r a n s v e r s a l  wind c o n d i t i o n s ) .  A d e t e r m i n i s t i c  s i m u l a t i o n  d i d  
n o t  p rove  a c c e p t a b l e .  Bear ing  i n  mind t h e  p o s s i b l e  r o l e  o f  un- 
c e r t a i n t i e s ,  a  random component w a s  s u b s e q u e n t l y  added t o  t h e  
wind d i r e c t i o n  (Gauss ian  d i s t r i b u t i o n ,  z e r o  mean, 12.5O s t a n -  
d a r d  d e v i a t i o n :  a  modest  v a l u e )  and a  Monte C a r l o  s i m u l a t i o n  
was performed.  F i g u r e  5, which shows t h e  r e s u l t s  o f  a l l  t h e  
100 r u n s ,  does  n o t  r e q u i r e  d e t a i l e d  d i s c u s s i o n :  it shows t h e  ex- 
t r e m e  s e n s 2 t i v i t y  t o  i n p u t  d a t a  u n c e r t a i n t y  (compared t o  t h i s  t h e  
pa ramete r  s e n s i t i v i t y  i s  n e g l i g i b l e )  and i l l u s t r a t e s  how d i f f i -  
cu l t  it i s  t o  v a l i d a t e  a  d e t e r m i n i s t i c  model ( t o  a  lesser e x t e n t  
t h i s  i s  a l s o  t r u e  f o r  a  more-dimensional model ) .  T h i s  b e h a v i o r  
a l s o  s u g g e s t s  t h a t  some t i m e  a v e r a g i n g  shou ld  b e  i n t r o d u c e d  f o r  
t h e  t r a n s p o r t  model p a r t .  According t o  o u r  a n a l y s i s ,  t h e  mean 
and v a r i a n c e  o f  t h e  f l o w  r a t e  t i m e  series on a  d a i l y  b a s i s  shows 
l i m i t e d  s e n s i t i v i t y  o n l y .  S i n c e  g e n e r a l l y  one  i s  n o t  i n t e r e s t e d  
i n  shor t - term c o n c e n t r a t i o n  changes ( t h e  c h a r a c t e r  of  t h e  sampling 
problem mentioned be fo re  i s  d i f f e r e n t )  t h i s  a l lows  use  of t h e  
mean va lue  f o r  convec t ion  i n  t h e  d i s p e r s i o n  model, whi le  t h e  
e f f e c t  behind t h e  v a r i a n c e  can be inco rpo ra t ed  t o  t h e  d i s p e r s i o n  
c o e f f i c i e n t .  
The example sugges t s  t h a t  a l though  a  d e t e r m i n i s t i c  hydro- 
dynamic model can ha rd ly  be  v e r i f i e d  i n  a  s t r i c t  s ense ,  t h e  
same can be done f o r  a  t r a n s p o r t  model i n  a  water  q u a l i t y  s tudy  
by f i l t e r i n g  o u t  t h e  i n f l u e n c e  of  u n c e r t a i n t i e s .  
4.3 The N u t r i e n t  Load under Uncer ta in ty  and S t o c h a s t i c i t y  (Stra tum 3 )  
I n  accordance wi th  t h e  n u t r i e n t  l oad ing  e s t i m a t e  done [15 ] ,  
more than  4 0 %  of  t h e  t o t a l  phosphorus (TP)  load  reaches  t h e  l a k e  
through t r i b u t a r i e s .  A s  i s  w e l l  known, f l o o d s  p lay  a  d e c i s i v e  r o l e  
i n  t h e  y e a r l y  t o t a l  t r a n s p o r t ,  t h e i r  c o n t r i b u t i o n  ranging gener- 
a l l y  between 70-90%. This  f a c t  i s  i n  most of  t h e  c a s e s  n o t  r e -  
f l e c t e d  i n  t h e  moni tor ing s t r a t e g y ;  g e n e r a l l y  one o r  two observa- 
t i o n s  made monthly a t  t h e  mouth of t h e  r i v e r  a r e  a v a i l a b l e .  Thus 
t h e  i n f l u e n c e  of  f l o o d s  remains unobserved. The i n f r e q u e n t  d a t a  
c o l l e c t i o n  i s c h a r a c t e r i s t i c  f o r  19 of t h e  20  t r i b u t a r i e s  of  Lake 
Balaton,  whi le  f o r  t h e  major p o l l u t i o n  sou rce ,  t h e  River Zala 
which accounts  f o r  more than  h a l f  of  t h e  t r i b u t a r y  load ,  d a i l y  
measurements w e r e  performed ( 1975-79, [ I  61 ) . 
Since  from t h i s  d a t a  set  t h e  "accu ra t e "  load  f o r  d i f f e r e n t  
averag ing  pe r iods  (such a s  a  month o r  y e a r )  can be d e r i v e d ,  it 
a l lows  one t o  s tudy  t h e  e r r o r  caused by s c a r c e  o b s e r v a t i o n s .  
The procedure  i s  a  s t r a i g h t f o r w a r d  Monte Car lo  type  technique  
which s t a r t s  w i th  a  random s e l e c t i o n  on t h e  d e t a i l e d  d a t a  s e t  
fo l lowing  t h e  sampling s t r a t e g y  of t h e  o t h e r  t r i b u t a r i e s  and c a l -  
c u l a t e s  t h e  load  o f  t h e  pe r iod  i n  ques t ion .  Af t e r  making a  suf-  
f i c i e n t  number of  random s e l e c t i o n s  t h e  s t a t i s t i c a l  parameters  of  
t h e  load  can be determined.  The r e s u l t s  f o r  t h e  long-term monthly 
average load  (on t h e  b a s i s  of a  fou r  yea r  long obse rva t ion  pe r iod  
and 2 0 0  d a t a  s e l e c t i o n s )  a r e  i l l u s t r a t e d  i n  F igure  6. The cho ice  
of a  month was made f o r  two reasons:  (i) being i n  possess ion  o f  
two monthly obse rva t ions  f o r  a  pe r iod  of  s e v e r a l  y e a r s  on ly  t h e  
monthly average load  can be es t imated  a t  b e s t ;  (ii) from a  s ens i -  
t i v i t y  s tudy  on LEN [28 ] ,  it turned  o u t  t h a t  it i s  s u f f i c i e n t  t o  
use  t h i s  l o a d  type  a s  a  f o r c i n g  func t ion .  A s  can be seen from 
Figure  6, which shows t h e  mean and extreme v a l u e s , . a s  we l l  a s  t h e  
domain of  + s t anda rd  d e v i a t i o n ,  t h e  e r r o r  i s  q u i t e  high and i t s  
f l u c t u a t i o n  fo l lows  t h e  change i n  t h e  mean va lue .  On t h e  b a s i s  
o f  t h i s  s tudy  and a  s i m i l a r  a n a l y s i s  f o r  t h e  y e a r l y  averages ,  t h e  
annual  load  o f  o t h e r  t r i b u t a r i e s  was c o r r e c t e d  (he re  t h e  s i m i l a r i -  
t i e s  of  major subwatersheds were a l s o  examined, b u t  t h e  c o r r e c t i o n  
c e r t a i n l y  has  an e x t r a p o l a t i v e  c h a r a c t e r )  and a  random component 
was added t o  t h e  monthly average load  component [28 ] .  
To i n c o r p o r a t e  t h e  s t o c h a s t i c  i n f Z u e n c e  of  t h e  hydro log ic  
regime a  r e g r e s s i o n a n a l y s i s w a s  done on t h e  d a t a  set of  River 
Zala. I t  was found t h a t  t h e  monthly average TP load  c o r r e l a t e d  
s a t i s f a c t o r i l y  wi th  t h e  corresponding s t ream flow r a t e .  Accepting 
t h e  s t a t i s t i c s  of  t h e  monthly average s t ream flow from long-term 
obse rva t ions  [ I ]  t h e  l oad  can be c a l c u l a t e d  i n  a  s t o c h a s t i c  f a sh ion .  
F igure  7  shows t h e  c h a r a c t e r i s t i c s  of  t h e  load  p a t t e r n  f o r  1976-79 
and t h e  90% conf idence  l e v e l s  der ived .  For i l l u s t r a t i n g  t h e  in-  
f l u e n c e  of t h e  hydro log ic  regime an even t  of low p r o b a b i l i t y  i n  
J u l y  1975, i s  l i k e w i s e  i n d i c a t e d .  
A s  a f i n a l  o u t p u t  o f  t h e  r e s e a r c h  o u t l i n e d  i n  t h i s  s e c t i o n  
a  load  s c e n a r i o  g e n e r a t o r  was developed f o r  t h e  whole l a k e ,  which 
accounted f o r  bo th  u n c e r t a i n t y  and s t o c h a s t i c i t y ,  d i s cus sed  above. 
For f u r t h e r  d e t a i l s  s e e  [28 ] .  
I t  Is noted he re  t h a t  u s ing  h i s t o r i c a l  d a t a ,  a  s i m i l a r  analy-  
sis was made on c l i m a t i c  ( u n c o n t r o l l a b l e )  f a c t o r s ,  which al lowed 
t h e  wate r  temperature  and d a i l y  r a d i a t i o n  t o  be genera ted  i n  har-  
mony w i t h  each o t h e r ,  i n  a  random f a s h i o n  [28] .  Thus, f u t u r e  
s c e n a r i o s  can be genera ted  f o r  a l l  t h e  e s s e n t i a l  f o r c i n g  f u n c t i o n s  
of  t h e  l a k e  model--an e s s e n t i a l  t o o l  f o r  planning purposes .  
4 . 4  The Lake Eu t roph ica t ion  Model (Stratum 3 )  
The p re l imina ry  r e s u l t s  ga ined  wi th  t h e  s i m p l e s t  model, 
SIMBAL [ 3 1 ] ,  developed f o r  Lake Balaton a r e  g iven  below. The 
model i s  a  phosphorus c y c l e  model, t h a t  i s ,  a l l  t h e  s t a t e  v a r i a b l e s  
( t h e  e s s e n t i a l s  a r e  two a l g a l  groups,  d e t r i t u s ,  and d i s s o l v e d  
ino rgan ic  phosphorus) a r e  expressed i n  terms o f  phosphorus, f o r  
t h e  f o u r  b a s i n s  i n d i c a t e d  i n  F igure  l ( s e e  Sec t ion  3 . 2 ) .  A Monte 
Car lo  s imu la t ion  i s  i nco rpo ra t ed  i n t o  t h e  model t o  f i n d  a r e a s  i n  
parameter space where t h e  model produces r e s u l t s  f u l l y  w i th in  
s p e c i f i e d  boundar ies  drawn around t h e  d a t a  t o  account  f o r  d a t a  
u n c e r t a i n t y  (see, e.g . ,  Sec t ion  3.2) and t h u s  e a s i l y  a p p l i c a b l e  
t o  t e s t  v a r i o u s  hypotheses ( [31] and a l s o  [9, 1 4 1  ) . 
Among t h e  c a l i b r a t i o n  runs ,  r e s u l t s  f o r , t h e  phytoplankton 
phosphorus, PPP, f o r  t h e  f o u r  b a s i n s  a r e  g iven  i n  F igure  8  ( a s  
1977 f o r c i n g s  d a t a  was used) t o g e t h e r  w i t h  t h e  corresponding 
obse rva t ion  v a r i a b l e ,  Chlorophyll-a ( b a s i n  average v a l u e s ) .  It 
2s poin ted  o u t  t h a t  Chlorophyll-a and PPP cannot  be d i r e c t l y  com- 
pared t o  each o t h e r ;  however, s i n c e  a  more o r  l e s s  l i n e a r  measure- 
ment equa t ion  Is expected among them, PPP should fo l low t h e  p a t t e r n  
o f  Chlorophyll-a:  a  t r e n d  which can be g e n e r a l l y  observed.  For 
i l l u s t r a t i o n  t h e  s t anda rd  d e v i a t i o n  around t h e  t r a j e c t o r y  f o r  
Basin 2 es t ima ted  through t h e  Monte Car lo  s imu la t ion  i s  a l s o  in-  
d i c a t e d  (parameter u n c e r t a i n t y ) .  Fu r the r  d i s c u s s i o n  on t h e  c a l i -  
b r a t i o n  and model improvement r e q u i r e d  can be found i n  [31] .  
For management purposes h i s t o r i c a l  d a t a  cannot  be used. 
E i t h e r  some c r i t i c a l ,  unfavorab le  environmental  c o n d i t i o n s  should 
be in t roduced  o r  t h e  model should be cons idered  s t o c h a s t i c  through 
i n p u t  d a t a  which a r e  b a s i c a l l y  random v a r i a b l e s  when f u t u r e  plan- 
ning is  i n  ques t ion .  H e r e  t h e  l a t t e r  approach was adopted and 
t h e  g e n e r a t o r s  o u t l i n e d  i n  t h e  prev ious  s e c t i o n  coupled t o  t h e  
l a k e  model. Two e s s e n t i a l  r e s u l t s  f o r  Basin 1 a r e  p re sen ted  i n  
F igu res  9  and 10. 
I n  t h e  f i r s t  c a s e ,  u n c e r t a i n t i e s  caused by n a t u r a l  f a c t o r s  
were cons idered  and t h e  1977 load  was mainta ined.  The summary of 
100 Monte Car lo  runs  (mean, + s t anda rd  d e v i a t i o n ,  and t h e  extremes 
of PPP) sugges t s  t h e  r e l a t i v e l y  l a r g e  s e n s i t i v i t y  o f  t h e  l a k e ' s  water  
q u a l i t y  t o  meteoro log ica l  f a c t o r s  and e x p l a i n s  t h e  e s s e n t i a l  yea r  
t o  yea r  changes observed i n  t h e  behavior  of t h e  l a k e  even when 
t h e  l oad  remained una f f ec t ed .  The second c a s e  (F igure  10) in-  
volved t h e  random gene ra t ion  o f  both  n a t u r a l  and controZZable 
f a c t o r s .  While f o r  t h e  prev ious  example t h e  s p e c i f i c  1977 load  
was adopted,  h e r e  t h e  mean load  of t h e  i n p u t  g e n e r a t o r  was de- 
r i v e d  from d a t a  f o r  t h e  pe r iod  1975-79 (Sec t ion  4 . 3 ) .  This  i s  
t h e  reason why t h e  average t r a j e c t o r y  shown i n  F igure  10 d i f f e r s  
from t h a t  shown i n  F igu re  9. The i n c l u s i o n  o f  load  randomness 
had an obvious i n f luence :  t h e  range of u n c e r t a i n t y  o f  t h e  wate r  
q u a l i t y  s imu la t ion  r e s u l t s  became much wider.  
Compared t o  t h e  r o l e  of  parameter u n c e r t a i n t y  (F igure  8 ) ,  
t h e  meteoro log ica l  f a c t o r s  r e p r e s e n t  t h e  same o r d e r  of magnitude, 
whi le  t h e  c o n t r i b u t i o n  of  l oad  t o  t h e  model u n c e r t a i n t y  i s  twice  
a s  high.  I t  i s  s t r e s s e d  t h a t  i n  t h e  frame of  t h e  p r e s e n t  example, 
no load  r educ t ion  was employed. Thus F igure  10 shows i n  which 
domain t h e  water  q u a l i t y  may range under t h e  p r e s e n t  c o n d i t i o n s ,  
s i n c e  t h e  changes i n  t r e n d  a r e  a l r e a d y  r e l a t i v e l y  sma l l  from 
year  t o  year .  Cont ro l  a l t e r n a t i v e s  w i l l  c e r t a i n l y  modify n o t  
o n l y  t h e  mean load  bu t  a l s o  t h e  r e l a t e d  u n c e r t a i n t i e s  (e .g . ,  t h e  
smoothing e f f e c t  of a  r e t e n t i o n  pond o r  t h e  u n c e r t a i n t y  of t h e  
e f f e c t i v e n e s s  r l ,  of  a  given management op t ion  (F igu re  1 1 ) ,  an 
i s s u e  which should  be taken  i n t o  account  on t h e  l e v e l  of  d e c i s i o n  
making. 
4 . 5  The Inco rpo ra t ion  of t h e  Lake Model i n t o  WQMM (Stra tum 2 )  
The q u e s t i o n  t h a t  we a r e  planning t o  answer h e r e  w a s  r a i s e d  
i n  Sec t ion  3. I n  t h e  cou r se  o f  t h e  a n a l y s i s  o u t l i n e d  subse- 
quen t ly ,  t h e  d i f f e r e n t  parameters  of  t h e  P P P ( t )  d i s t r i b u t i o n  were 
s e l e c t e d  as water  q u a l i t y  i n d i c a t o r s  c h a r a c t e r i z i n g  t h e  a l g a l  
behavior  ( s e e  3.21, and d e t e r m i n i s t i c  s imu la t ions  were performed 
wi th  t h e  dynamic l a k e  model, SIMBAL,under reduced load ing  condi- 
t i o n s .  I t  t u rned  o u t  from t h e  s tudy  t h a t  t h e  l a k e ' s  response ex- 
p ressed  i n  terms of t h e  y e a r l y  average o r  peak of PPP i s  q u i t e  
l i n e a r  on t h e  l oad  i n  a  wide range [28] ( t h e  same exper iences  
were a l s o  ga ined  wi th  t h e  two o t h e r  models) .  I t  i s  noted t h a t  a  
s i m i l a r  l i n e a r i t y  is  expressed  f o r  t o t a l  phosphorus, TP,  by sev- 
e r a l  empi r i ca l  models [ 3 3 ] .  However, f o r  shal low l a k e s ,  TP may 
n o t  p rope r ly  c h a r a c t e r i z e  t h e  process  of e u t r o p h i c a t i o n  s i n c e  
t h i s  component i s  s t r o n g l y  in f luenced  by wind induced i n t e r a c t i o n  
a t  t h e  bottom (Sec t ion  4 . 1  ) . 
The recognition of the linearity leads to an important a g g r e -  
g a t i o n :  the d y n a m i c  l a k e  model  can be r e p l a c e d  at the level of 
WQMM (see Figure 2) by a simple l i n e a r  e q u a t i o n  (see Figure 11): 
Here Lo and go are the initial load and concentration "vectors" 
respectively, defined by the number of uniform segments assumed 
in LEM (at present N = 4, Figure 1); AL - represents the reduction 
of load achieved by various control alternatives, while A s  is the 
corresponding long-term response of the lake (expressed in terms 
of water quality indicators) characterizing the new equilibrium 
of the system. The elements of the - A matrix maintain the essence 
- 
of LEM: again a transition from a "large" model to a "smaller11 
on a higher level of the hierarchy of Figure 2. The first re- 
markable feature of equations (6) and (7) is that they clearly 
preserve the influence of subprocesses on the lower strata and 
show the subsequent steps of aggregation. The elements of the 
main diagonal are determined primarily by biochemical processes 
and sediment-water interaction (stratum 5 ) ,  while the other ele- 
ments mainly express the influence of hydrodynamics and associated 
mass exchange (stratum 4), showing that a management action at the 
region of the ith segment will affect the water quality of other 
segments as well (Figure 11). It is briefly noted that through 
LEM (stratum 3 ) ,  the uncertainties discussed in the previous 
s e c t i o n  can. a l s o  be inc luded  i n  equa t ion  ( 6 )  . 
The second remarkable f e a t u r e  of equa t ion  ( 6 ) ,  and t h i s  i s  
o f  primary importance on s t r a tum 2 ,  i s  t h a t  i t s  l i n e a r  s t r u c t u r e  
a l lows  i t s  d i r e c t  involvement i n  an o p t i m i z a t i o n  framework: a  
s o l u t i o n  t h a t  we were looking  f o r  ( s e e  Sec t ion  3 .2 ) .  
A t  t h e  end of  t h i s  s e c t i o n ,  it is  noted t h a t  op t imiza t ion  of  
t h i s  kind i s  n o t  an easy  t a s k .  F i r s t  of  a l l  each Lot i  element i s  
composed of  v a r i o u s  t ypes  of  n u t r i e n t s  (sewage, d i f f u s e  sou rces ,  
e t c . )  which i n  a  g e n e r a l  c a s e  has  d i f f e r e n t  s p a t i a l  l o c a t i o n s  
w i t h i n  t h e  corresponding reg ion .  Thus Lot i  i t s e l f  i s  a  v e c t o r  
( i n  o t h e r  words, s e v e r a l  homogeneous segments o f  t h e  watershed 
may belong t o  a  g iven  i th uniform segment of t h e  water  body) .  
Second, t h e r e  a r e  s e v e r a l  o p t i o n s  f o r  l oad ing  r educ t ion  and t h e  
same ALi could be a r r i v e d  a t  by d i f f e r e n t  c o n t r o l  s t r a t e g i e s .  
I n  a d d i t i o n ,  j u s t  a s  wi th  t h e  l i n k a g e  of t h e  c i  e lements  through 
in - lake  mass exchange p roces ses  (F igure  1 1 ) ,  t h e  L l f i  components 
a r e  coupled through r e a l i z a t i o n  of t h e  d e s i r e d  management s t r a t e g y  
implemented i n  t h e  watershed ( e . g . ,  r e g i o n a l  t r ea tmen t  and t h e  r e -  
l a t e d  sewerage sys tem) .  A l l  t h e s e  a r e  f e a t u r e s  of t h e  problem 
t h a t  should be accounted f o r  a t  t h e  l e v e l  o f  WQMM. I n  f a c t ,  such 
an  approach i s  a l s o  being e l a b o r a t e d  wi th in  t h e  ca se  s tudy  [17 ] .  
5. CONCLUDING REMARKS 
I n  t h e  paper a  system c h a r a c t e r i z e d  by two.major f a c t o r s  
was considered:  (i) complexity due t o  t h e  m u l t i f a r i o u s  i n t e r a c -  
t i o n s  o f  in - lake  and watershed processes ,  r e s p e c t i v e l y ,  and d i f -  
f e r e n t  l e v e l s  of  i n t e r e s t  such a s  s c i e n t i f i c  unders tanding  and 
d e c i s i o n  making, and (ii) t h e  u n c e r t a i n t y  o f  v a r i o u s  sources .  
The o b j e c t i v e  i s  a l s o  twofold ,  n o t  on ly  t o  s tudy  t h e  s p e c i f i c  
i s s u e s  of  t h i s  system, b u t  a l s o  t o  answer gene ra l  methodological  
q u e s t i o n s  f o r  systems w i t h  s i m i l a r  f e a t u r e s .  
The modeling s t r a t e g y  adapted is  an o f f - l i n e  procedure where 
t h e  complex s t r u c t u r e  i s  decomposed i n t o  u n i t s ,  t a c k l e d  s e p a r a t e l y  
In  d e t a i l ,  b u t  p re se rv ing  and coupl ing on ly  t h e  e s s e n t i a l s  on t h e  
h ighe r  l e v e l  of  t h e  modeling h i e r a rchy .  The method i s  c h a r a c t e r i z e d  
by s e v e r a l  s t e p s  of  aggrega t ion  (based on s e n s i t i v i t y  a n a l y s e s  i n  
o r d e r  t o  f i n d  t h e  r e l a t i v e  importance o f  v a r i o u s  subproces ses ) ,  
and v a l i d a t i o n  ( d e t a i l e d  models a g a i n s t  f i e l d  d a t a  and t h e  aggre- 
ga ted  models a g a i n s t  t h e i r  d e t a i l e d  v e r s i o n s  and d a t a  on t h e  h ighe r  
l e v e l )  . 
A harmony i s  a l s o  needed wi th  regard  t o  t h e  methodologies em- 
ployed; none of them should exclude t h e  a p p l i c a t i o n  of  o t h e r  tech-  
n iques  r e q u i r e d  a f t e r  t h e  coupl ing and they  should a l l ow t h e  pro- 
p e r  combination of t heo ry  and obse rva t ions  i n  t h e  model. Uncer- 
t a i n t y  should be involved a t  each s t e p  and a l s o  aggregated si- 
multaneously wi th  t h e  o f f - l i n e  c o n s t r u c t i o n  o f  t h e  complex model. 
Admittedly t h e  coupl ing ,  aggrega t ion ,  and v a l i d a t i o n  of t h e  
l i nked  model a r e  t h e  c r u c i a l  p o i n t s  i n  t h e  development: it i s  
n o t  c e r t a i n  whether t h e  s i m p l i f i c a t i o n s  planned can be performed 
and whether a  model of r e a l i s t i c  s t r u c t u r e  and complexity can be 
a r r i v e d  a t  on t h e  h ighe r  l e v e l .  
Although t h e  s tudy  i s  n o t  y e t  f i n i s h e d  and f u t u r e  r e s e a r c h  
2s c e r t a i n l y  r equ i r ed  ( t h e  r o l e  of  sediment,  completion of coupl ing  
t h e  segment models and t h a t  of t h e  water  q u a l i t y  management p a r t )  
t h e  i n d i v i d u a l  examples in t roduced  show t h a t  t h e  modeling p r in -  
ckp le s  o u t l i n e d  h e r e  can be s u c c e s s f u l l y  adopted f o r  t h e  d i f f e r e n t  
s t r a t a  and sugges t  t h a t  t h i s  i s  a l s o  v a l i d  f o r  t h e  e n t i r e  model 
i n c o r p o r a t i n g  t h e  l e v e l  of d e c i s i o n  making. I t  i s  be l i eved ,  t o o ,  
t h a t  o t h e r  sys tems c h a r a c t e r i z e d  by complexi ty  and u n c e r t a i n t y  
can be t r e a t e d  i n  a  s i m i l a r  way; t h u s  models of  r ea sonab l e  s i z e  
and s t r u c t u r e  can  be ga ined .  
REFERENCES 
1. S. Baranyi ,  Hydro log ica l  Condi t ions  o f  Lake Ba la ton ,  i n  
"Summary o f  t h e  r e s e a r c h  r e s u l t s  r e l a t e d  t o  Lake Ba la ton" ,  
e d i t e d  by S. Baranyi ,  V I Z D O K ,  Budapest ( i n  Hungar ian) ,  
pp. 128-177, ( 1979 ) .  
2 .  M.B. Beck, System I d e n t i f i c a t i o n ,  Es t ima t ion ,  and F o r e c a s t i n g  
o f  Water Q u a l i t y ,  P a r t  I: Theory. I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Ana lys i s ,  WP-79-31, p.  123. (1979) .  
3 .  M.B. Beck, Hard o r  S o f t  Environmental Systems? Eco log i ca l  
Modell ing,  11, pp. 233-251 (1981) .  
4 .  M.B. Beck, I d e n t i f y i n g  Models o f  Environmental  Systems'  
Behaviour,  J. of  Mathematical  Modell ing (1  981 ( for thcoming)  . 
5 .  M.B. Beck and L.  ~ o m l ~ 6 d ~ ,  I d e n t i f i c a t i o n  o f  a  model f o r  
wind induced sediment-water  i n t e r a c t i o n  i n  Lake Ba la ton .  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems Ana lys i s ,  
WP-81- (19G1) f o r t h c o n i n g .  
6 .  S .  Bloss  and D.R.F. Harleman, E f f e c t  o f  wind-mixing on 
t h e  the rmocl ine  ' fo rmat ion  i n  l a k e s  and r e s e r v o i r s .  , 
Massachuse t t s  I n s t i t u t e  o f  Technology, Ralph M .  Parsons  
Laboratory  f o r  Water Resources and Hydrodynamics, Repor t  
No. 249, p.  68, (1979) .  
7. F.M. Boyce, A.S. F r a s e r ,  E.  Halfon,  D. Hyde, D.C.L. Lam, 
W.M. S c h e r t z e r ,  A.H. El-Shaarawi, T.J.  Simons, R .  Willson,  
D.  Warry and T . J .  Simons. Assessment o f  Water Q u a l i t y  
S imula t ion  C a p a b i l i t y  f o r  Lake On ta r io .  S c i e n t i f i c  S e r i e s  
No. 111. I n l and  Water D i r e c t o r a t e ,  Na t iona l  Water Research 
I n s t i t u t e ,  Canada Cen te r  f o r  I n l a n d  Waters : Bur l i ng ton ,  
On ta r io ,  p.  220. 
8. P. Eykhoff, System i d e n t i f i c a t i o n  - parameter  and s t a t e  
e s t i m a t i o n ,  Wiley, Chiches te r ,  p. 555 (1974) . 
9.  K .  Fedra,  G .  van S t r a t e n  and M.B. Beck, Uncer ta in ty  and 
a r b i t r a r i n e s s  i n  ecosystems modelling: a l a k e  modell ing 
example, Ecolog ica l  Modelling, 13, pp. 187-210 (1981) .  
1 0 .  M.B. Fi sche r ,  J.  Imberger, E . J .  L i s t ,  R . C . Y .  Koh and 
N . H .  Brooks, Mixing i n  In land  and Coas t a l  Waters, 
Academic P r e s s ,  p .  483 (1979) .  
1 1 .  D.R.F. Harleman and P. Shanahan, Aspects of Wind-driven 
C i r c u l a t i o n  and Mixing i n  ~ u t r o p h i c a t i o n  S t u d i e s  of  Lake 
Balaton-  Proceedings of t h e  Second J o i n t  MTA/IIASA 
Task Force Meeting on Lake Balaton Modeling. G .  van S t r a t e n ,  
S. Herodek, J. F i s c h e r ,  and I. Kovacs ( ~ d i t o r s )  . MTA 
VEAB, Veszprem, Vol. 1 ,  pp. 50-67 (1980) .  
12. S. Herodek and G .  Tamas, The Primary Product ion of  Phyto- 
Plankton i n  t h e  Keszthely-basin o f  ~ a k e  Balaton i n  1973-74, 
Annual. B io l .  Tihany Vol. 4 2 ,  pp. 175-190 (1975) .  
13. S. Herodek, P. Csaki and T. Kutas, The BEM Modeling Approach 
1-111, Proceedings o f  t h e  Second J o i n t  MTA/IIASA Task Force 
l l ee t ing  on Lake Balaton Modeling. G .  van S t r a t e n ,  S. Herodek, 
J. F i s c h e r ,  and I .  Kovacs ( E d i t o r s ) .  MTA VEAB, Veszprem, 
Vol. 1 ,  pp. 81-103 (1980) .  
1 4 .  G.14. Hornberger and R.C.  Spear ,  Eut rophica t ion  i n  Pee l  I n l e t - I .  
Problem-defining Behaviour and a Mathematical Model f o r  t h e  
Phosphorus Scenar io .  Water Research 1 4 ,  pp. 29-42 (1980) .  
15. 0. J O ~ ,  Data f o r  t h e  Eut rophica t ion  of  Lake Balaton and 
Cons idera t ions  r e l a t e d  t o  Cont ro l  A c t i v i t i e s .  Proceedings 
of  t h e  Second J o i n t  MTA/IIASA Task Force Meeting on Lake 
Balaton Modeling. Veszprem, Vol. 2 ,  pp. 139-166 (1980) .  
16. G.  ~ o l h k a i  and L. Somlyody , N u t r i e n t  Loading Es t ima t e  f o r  
Lake Ba la ton .  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems 
Ana ly s i s ,  CP-81-21, p .  5 6 .  ( 1981 ) .  
17. L.B. ~ o v & s ,  E.  Dobolyi and F. I n o t a y ,  Background f o r  
deve lop ing  a Sewage Management Model f o r  t h e  Lake Ba la ton  
Region ( i n  H unga r i a n ) ,  Computer and Automation I n s t i t u t e  
o f  t h e  Hungarian Academy of  Sc i ences  (SZTAKI) Working 
Paper  ~ 0 / 1 7 ,  p .  27 ( 1980 ) .  
18. D.C.L. Lam and M. J a q u e t ,  Computation o f  p h y s i c a l  t r a n s p o r t  
and r e g e n e r a t i o n  o f  phosphorus i n  Lake E r i e ,  J o u r n a l  o f  
F i s h e r i e s  Research Board o f  Canada,Vol .  33, No. 3, 
pp. 550-563 ( 1976 ) .  
19. A. Leonov, S imu la t i on  and Ana ly s i s  o f  Phosphorus Transforma- 
t i o n  and Phytoplankton Dynamics i n  R e l a t i o n  t o  t h e  Eutrophica-  
t i o n  o f  Lake Ba la ton ,  P roceed ings  o f  t h e  2nd S t a t e  o f  t h e  A r t  
Conference i n  E c o l o g i c a l  Model l ing ,  Liege ,  Belgium and 
a l s o  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied  Systems Ana ly s i s  
WP-80-88, p .  30 ( 1980 ) .  
20. L. Muszkalay, Water Motions i n  Lake Ba la ton .  I n  a summary 
o f  r e s e a r c h  r e s u l t s  f o r  Lake Ba la ton ,  E d i t e d  by S. Baranyi  
VIZDOK,  Budapest  ( i n  Hungar ian) ,  pp. 34-128 (1979 ) .  
21. D.  Sc a v i a  and A. Rober tson,  P e r s p e c t i v e s  on  Lake Ecosystem 
Modeling, Ann Arbor Sc ience ,  p,  326 (1979) . 
22. P. Shanahan, D.R.F. Harleman and L. ~ o m l y d d y ,  Modeling 
Wind-Driven C i r c u l a t i o n  i n  Lake Ba la ton ,  I n t e r n a t i o n a l  
I n s t i t u t e  f o r  Appl ied  Systems Ana ly s i s ,  WP-81-7, p. 166 
(1981) .  
P .  Shanahan, Appl ica t ion  of a  Coupled Hydrophysical-Biochemical 
Eutrophica t ion  Model t o  Lake Balaton.  R.M. Parsons Laboratory 
f o r  Water Resources and Hydrodynamics, X I T ,  Ph.D. t h e s i s ,  
i n  p repa ra t ion  ( 19 8  1 ) . 
T.P .  Sheng and W. Lick,  The Transpor t  and Resuspension of 
Sediments i n  a  Shallow Lake, i n  Jou rna l  of Geophysical 
Research, Vol. 84, No. C 4 ,  A p r i l ,  pp. 1809-1826 (1979) .  
L .  ~ o m l ~ 6 d ~ ,  Pre l iminary  Study on Wind-Induced I n t e r a c t i o n  
between Water and Sediment f o r  Lake Balaton (Szemes Basin) . 
I n  Proceedings of t h e  Second J o i n t  MTA/IIASA Task Force 
Meeting on Lake Balaton Modeling, pp. 26-50 (1980) .  
L.  somly6dy, Water Qua l i ty  Modeling: A Comparison of 
Transport  Or ien ted  and Biochemistry Or ien ted  Approaches, 
General Report,  I n t e r n a t i o n a l  Conference on Numerical 
Modeling of River ,  Channel and Overland Flow f o r  Water 
Resources and Environmental ~ ~ ~ l i c a t i o n s ,  B r a t i s l a v a .  
March 4-8, p. 40 (1981) .  
L.  somly6dy and M. Vir tanen ,  Appl ica t ion  of a  One-dimensional 
Hydrodynamic ,Model t o  Lake Balaton. I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Analys i s ,  CP i n  p r e p a r a t i o n  (1981) .  
L .  somly6dy and J.  Eloran ta ,  The Use of a  Lake Eut rophica t ion  
Hodel i n  t h e  Management Framework. I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Analys i s ,  WP i n  p r e p a r a t i o n  (1981) .  
G .  van S t r a t e n ,  G .  ~ o l i n k a i  and S.  Herodek, Review and 
Evalua t ion  of Research on t h e  Eut rophica t ion  of  Lake Balaton - 
A Background Report f o r  Modeling. I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Analys i s ,  WP-79-13, p.  94 (1979) . 
G .  van S t r a t e n  and L. ~ o m l ~ & d ~ ,  Lake Balaton Eut rophica t ion  
Study: P resen t  S t a t u s  and Future  Program. I n t e r n a t i o n a l  
I n s t i t u t e  f o r  Applied Systems Analys i s ,  WP-80-187, p. 89 (1980) .  
31. G .  van S t r a t e n ,  Analysis  o f  Model and Parameter Uncer ta in ty  
i n  Simple Phytoplankton Models f o r  Lake Balaton.  Proceedings 
o f  t h e  2nd S t a t e  o f  t h e  A r t  Conference i n  Ecolog ica l  
Modelling, Liege,  Belgium, and a l s o  I n t e r n a t i o n a l  I n s t i t u t e  
f o r  Applied Systems Analys i s ,  WP-80-139, p .  28 (1980) .  
32. G.  van S t r a t e n  and S. Herodek, Es t imat ion  o f  Algal  Growth 
Parameters from V e r t i c a l  Primary Product ion P r o f i l e s ,  
papers  submi t ted  t o  Ecolog ica l  Modelling and a l s o  
I n t e r n a t i o n a l  I n s t i t u t e  f o r  Applied Systems Analys i s ,  
CP-81-19, p. 35 (1981) .  
33. R.A. Vollenweider,  Advances i n  Defining C r i t i c a l  Loading 
Levels f o r  Phosphorus i n  Lake Eu t roph ica t ion ,  Mem. 1st. 
Ital. I d r o b i o l . ,  33, pp. 53-83 (1976) .  
FIGURE CAPTIONS 
Figure  
F igure  
F igure  
Figure  
F igure  
F igure  
F igu re  
F igure  
1 .  Major c h a r a c t e r i s t i c s  of  t h e  system 
K - Keszthely ,  T - Tihany, S - ~ i 6 f o k  
I . . . I V  t y p i c a l  b a s i n s  of t h e  l a k e  
- . - boundary of  t h e  catchment 
--- Boundary o f  t h e  r e c r e a t i o n a l  a r e a  
sewage d i scha rges  i n  t h e  reg ion  
2 .  The method of  decomposition: h i e r a r c h y  o f  models 
( 1 )  submodels f o r  uniform segments and 
( 2 )  coupl ing  of  t h e  submodels 
3a. I d e n t i f i c a t i o n  and parameter e s t i m a t i o n  o f  a model 
f o r  wind induced sediment-water i n t e r a c t i o n  f o r  Lake 
Balaton:  r e c u r s i v e  e s t i m a t e  of  t h e  suspended s o l i d s  
concen t r a t i on ;  * Observat ions  
3b. Recursive parameter e s t i m a t e s  f o r  t h e  sediment-water 
i n t e r a c t i o n  model 
4 .  Simulat ion o f  a h i s t o r i c a l  even t :  l o n g i t u d i n a l  wind 
c o n d i t i o n s  
5 .  The i n f l u e n c e  of  wind d a t a  u n c e r t a i n t y  on t h e  d i scha rge  
a t  t h e  Tihany pen insu la  ( T  = 0 corresponds t o  8.7.1963, 
d i s cha rge  de r ived  from measurements [ I 9 1  
6. Monthly average TP load:  u n c e r t a i n t y  caused by s c a r c e  
obse rva t ions  (River  Zala,  1976-79); 3 - mean va lue ;  
4 and 2 - + s t anda rd  d e v i a t i o n ;  5 and 1 - extreme va lues  
7. In f luence  o f  t h e  hydro log ic  regime on t h e  monthly 
average load ,  River  Zala; o 9 0 %  confidence l e v e l  
FIGURE CAPTIONS CONTINUED 
F i g u r e  8 .  R e s u l t s  from SIMBAL. Comparison of  f i e l d  d a t a  f o r  
f o u r  b a s i n s  ( l e f t )  and a v e r a g e  model f o r  r u n s  s a t i s -  
f y i n g  t h e  behav iour  d e f i n i t i o n  ( r i g h t ) .  Adopted 
from van S t r a t e n  [28,  291 
F i g u r e  9.  The i n f l u e n c e  o f  m e t e o r o l o g i c  f a c t o r s  on t h e  w a t e r  
q u a l i t y .  Bas in  1 
3 - mean v a l u e ,  4 and 2  - f s t a n d a r d  d e v i a t i o n s  
5 and 1 - ext reme v a l u e s  
F i g u r e  1 0 .  The combined i n f l u e n c e  o f  u n c e r t a i n t y  and s t o c h a s t i -  
c i t y  i n  t h e  meteorology and l o a d i n g ,  r e s p e c t i v e l y ,  
on t h e  w a t e r  q u a l i t y .  Bas in  1 
3 - mean v a l u e ,  4 and 2  - f s t a n d a r d  d e v i a t i o n s ,  
5 and 1 - ext reme v a l u e s  
F i g u r e  11 .  I n c o r p o r a t i o n  o f  t h e  l a k e  model i n  WQMM 
i - uni fo rm segments  i n  t h e  l a k e  
$ - i n t e r a c t i o n  among b a s i n s  t h r o u g h  mass exchange 
and h y d r o l o g i c  th roughf low 
-- i n t e r a c t i o n  among l o a d  components t h r o u g h  c o n t r o l  
a c t i v i t i e s  


w i n d  speed ( o n ' a  d a i l y  b a s i s )  
suspended s o l i d s  c o n c e n t . r a t i o n  
4 
so. 
40 . 
30. 
LO. 
la. 
Figure  3a. I d e n t i f i c a t i o n  and parameter  e s t i m a t i o n  o f  a model 
f o r  wind induced sediment-water i n t e r a c t i o n  f o r  
Lake Balaton:  r e c u r s i v e  estimate of  t h e  suspended 
s o l i d s  concen t r a t i on  
* Observat ions  
day 
Figure  3b. Recursive parameter e s t i m a t e s  f o r  t h e  
sediment-water i n t e r a c t i o n  model 
a .  Yind record [ 19 I 
U speed. ALFA angle (North - 0') 
b. Comparison o f  a simulated and aeasured wacer l e v e l s  
(1 = 0 corresponds co 16.11.1966,  8 a.m.) 
rmarurements [191 
a t  Kerzthely (Wercern end o f  che lake)  
. . 
Eastern end of  che lake 
Q 
[ L W S  1 c .  Compuced screamflov race ac Tihanv 
Figure  4 .  Simulat ion of  a  h i s t o r i c a l  event :  l o n g i t u d i n a l  wind 
c o n d i t i o n s  
Figure  5 .  The i n f l u e n c e  of  wind d a t a  u n c e r t a i n t y  on t h e  d i scha rge  
a t  t h e  Tihany pen insu la  ( T  = 0 corresponds t o  8.7.1963, 
- - 
8 a.m.) 
d i s cha rge  de r ived  from measurements [ 19 I 
TP l o a d  
[kg141 
5 00 
L load  d i s t r i b u t i o n  
f o r  February 
l l ~ l ~ ~ ~ ~ ~ ~ ~ ~ ~  P 
J F P 1  A M  J J A  S O  N D  Month 
F igu re  6. Monthly ave ra se  TP load:  u n c e r t a i n t y  caused by s c a r c e  
o b s e r v a t i o n s  (Liiver Zala ,  1976-79) ; 3 - mean va lue ;  
4 ' and  2 - - + s t a n d a r d  d e v i a t i o n ;  5 and 1 - extreme va lues  
TP load  
[kg/dl 
900 
700 t \ #+July, 1975 (an even t  o f  low g r o b a b i l i t y )  
J P X A M J J A S O N 3  Month 
F igure  7. I n f l u e n c e  of t h e  hydro log ic  regime on t h e  monthly 
average  load ,  River  Zala 
0 9 0 4  cor l f i rkncc l c v o l  
0 z n  
1 cn 
C kcu 
0 
rnk s 
6, rn 
E C C 
ooal 
0.4 4J 
4J a 
* a h  
drl4J 
2 Z m  
z-4 C 
H r n a  
m > 
E 'ai E 
oa 0 
k O k  
'H E'H 
P. I I I 1- 
0 .  38. 68. 98. 120. 158. ISB. 1 .  240. 278. BeB. 330. 368. 398. 
DAY NR 
Figure 9 .  The in f luence  of meteorologic f a c t o r s  on t h e  water 
q u a l i t y .  Basin 1 .  
3 - mean va lue ,  4 and 2 - + s tandard  dev ia t ions  
5 and 1 - extreme values  
DAY NR 
Fig u re  10 .  The combined i n f l u e n c e  o f  u n c e r t a i n t y  and s t o c h a s t i c i t y  
i n  t h e  meteorology and l oad ing ,  r e s p e c t i v e l y ,  on t h e  
wa t e r  q u a l i t y .  Bas in  1 .  
3 - mean v a l u e ,  4 and 2 - f s t a n d a r d  d e v i a t i o n s ,  
5 and 1 - extreme v a l u e s  

